Abstract--Mobility measurements were made for dry-ground mica particles dispersed in aqueous KC1, Cr(NO3)3, and cetyltrimethylammonium bromide (CTAB) solutions. In the latter solutions charge reversal occurred at about 2 x 10 -6 M and 3 x 10 -5 M, respectively. Negative zeta potentials in KC1 solutions calculated using the Smoluchowski equation are about one third of the corresponding values obtained from streaming potentials and force measurements using mica sheets. Good agreement, however, was obtained when positively charged groups created during grinding were neutralized, and the zeta potentials were corrected according to the procedure of O'Brien and White with an assumed average particle size of 0.25/~m. When the zeta potentials of positively charged particles were corrected in this way, agreement with values calculated from force measurements was also improved.
INTRODUCTION
The properties of clay-size muscovite have come under increased scrutiny in recent years because of the use of large (square centimeter size) cleaved sheets in the direct measurement of Derjaguin, Landau, Verwey, and Overbeek (DLVO) and "solvation forces" in aqueous solutions by Israelachvili and Adams (1978) and Pashley (198 la, 198 lb) . The results of these force experiments show that the DLVO theory is generally accurate in dilute electrolyte solutions (-<10 -2 M, depending on the electrolyte), but that at higher concentrations short-range (-<50 /~) non-DLVO forces arise. In such experiments the ion-exchange properties of the mica basal plane determined the nature of both the diffuse double-layer forces and the observed solvation forces (see Pashley, 198 l a) . In dilute solutions where the forces can be accurately fitted by diffuse double-layer theory, an apparent surface potential can be calculated, because the Debye length of the solution is known. The variation of this potential with concentration and type of electrolyte gives a measure of ion adsorption at the mica surface and has been successfully described using a simple mass-action model by Pashley and Quirk (1984) .
This variation suggests that the mica basal plane is an almost ideal ion-exchange surface with only one type of surface site, a conclusion which was also reached by Goulding and Talibudeen (1980) from direct ionexchange measurements. Thus, the diffuse double-layer potential and charge observed on mica immersed in an aqueous electrolyte solution depend on the relative On leave from Department of Applied Mathematics, Research School of Physical Sciences, Australian National University, Canberra, ACT 260 l, Australia.
Copyright 9 1985, The Clay Minerals Society concentrations and surface adsorption energies of hydronium ions and any other cations present in solution. These cations adsorb on the negative sites on the mica basal surface which are present at the high density of about 2.1 x 1014/cm2 (Gaines and Tabor, 1956) . Hence, for complete neutralization a monovalent cation must adsorb at a coverage of one ion per 48 ,~2. Thus, even for quite a high surface potential (~ 100 mV) in dilute monovalent electrolyte solution (~ 10 -5 M), nearly all of these sites must be filled with adsorbed ions, and, in general, the diffuse layer charge is much less than the mica lattice charge (see Pashley, 198 la) .
In addition to the force method of obtaining surface potentials on mica, Lyons et al. (1981) used a radialflow streaming potential apparatus to obtain zeta potentials on large mica sheets immersed in KC1, HC1, and CaCl2 solutions. The potentials measured in KC1 and CaCI 2 solutions agree closely with those obtained from the force measurements, although in HC1 solution the force method gave significantly higher potentials (Pashley, 1981 b) . The results from these quite different methods generally indicate good agreement and show that the basal plane is indeed capable of ion-exchange with a wide range of cations, as was also observed by Gaines 0957) and by Mokma et al. (1970) from ionexchange studies on mica powders.
The ion-exchange properties of clays in general make them of some interest with respect to the effect of the diffuse double-layer potential on their water-swelling properties. Friend and Hunter (1970) measured electromobilities of Li+-vermiculite particles in an attempt to relate the observed zeta potential with the doublelayer swelling pressures observed by Norrish and Rausell-Colom (1963) . The mobilities were found to vary in a complex manner with concentration and gave zeta potentials of much lower magnitude (~ -75 mV) than
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Clays and Clay Minerals required to explain the observed swelling pressures, even though the pressures decayed with separation as expected from double-layer theory. In earlier work, Low (quoted by Friend and Hunter, 1970 ) also reported that mobilities of Na+-montmorillonite particles are not a simple function of concentration.
More recently Low (1981) measured mobilities of a wide range of Na+-montmorillonite samples in 10 -4 M NaC1. The zeta potentials calculated from these results using the Smoluchowski equation were mostly about -6 0 + 10 inV. Low compared these potentials with measurements on the swelling of Na-montmorillonite (Viana et aL, 1983) and concluded that even at quite large water-film thicknesses (-> 100 ~) the pressures are substantially higher than could be explained by a double-layer interaction using these potentials.
In addition to the observation that the magnitude of zeta potentials obtained from mobility measurements on montmorillonite and vermiculite panicles are much lower than expected from swelling studies, the potentials also do not decrease in magnitude as the adsorbing cation concentration is increased, contrary to what is expected for an ion-exchange type surface. Also, coion exclusion measurements on montmorillonite and illite clays for a wide range of cations indicate quite constant surface potentials over a concentration range of 0.3 to 0.003 M (see Chan et al., 1984) . Callaghan and Ottewill (1974) obtained constant zeta potentials ( -4 7 ___ 3 mV) from mobility measurements on Na +-montmorillonite panicles in NaCI solutions from 10-to 10 -4 M. If only cations adsorb at the basal plane surface, as shown by Bolt and Wakentin (1958) , then in order for the potential to remain constant these adsorbed ions must de-sorb as their concentration in bulk solution increases, in contradiction with the laws of mass action.
Clearly the charging properties of clay particles have so far eluded any simple interpretation in terms of ionexchange models and, in addition, are at variance with the pressures observed during clay swelling. In an attempt to solve some of these problems for mica, mobilities in a range of electrolyte solutions were measured and the calculated zeta potentials were compared with those obtained by the force and streaming potential methods.
Fundamental differences exist, of course, between the investigation of the basal plane surface and of mica panicles. One difference is that the particles have edges which are likely to influence the overall mobility. Also, during the grinding process different surface sites may be created on the basal plane which might affect the charge of the particle. In an earlier investigation of the mobility of wet-ground mica, Lyons et al. (1981) concluded that at high and low pHs (3 and 10) mica partides aged quite rapidly (< 1 day), whereas in neutral solutions aging was very slow. The aging effects were most likely due to the presence of hydrolyzable AP § presumably created from dissolution of the edges and from damage during wet grinding. To reduce these problems in the present study, the mica was dry ground and all measurements were carried out in solutions at pH ~5.7.
MATERIALS A N D M E T H O D S
The mica panicles were produced by dry grinding clean sheets of freshly cleaved, brown muscovite from Bihir, India, using a porcelain mortar and pestle. A typical composition of this mica was given by Israelachvili and Adams (1978) . The brown mica became slightly grey-white on grinding. The dry-grinding procedure produced a polydisperse powder as shown by scanning electron microscopy (SEM) (Figure 1 ). It is clear from electron microscopic examination that the grinding process produced a wide size range of platelike particles. The ground mica was dispersed in water (~0.05% wt./vol.), and after 2 hr, a droplet was removed from the dispersion and slowly allowed to evaporate to dryness on an adhesive support. Typical SEMs of the sedimented and dried powder are shown in Figures 2 and 3. It is clear from these photographs that the size range of the dispersed particles was much narrower than for the dry ground powder and that the particles were mostly in the sub-micrometer size range. Also, although the clarity is not as sharp as for the dry ground sample (presumably because o f concentration of solution contaminants and clumping on evaporating to dryness), the particles are generally plate-like with Figure 2 . Scanning electron micrograph of dispersed mica fraction after 2 hr in water. Solution was evaporated to dryness to obtain the photograph. Distribution of panicle sizes is much narrower than in the original ground sample.
sharp, angular edges. Typical particle dimensions are ~0.5 #m diameter and < 0.05 um thickness. The SEMs support the assumption that the basal plane surface accounts for most of the surface area of the powder.
The dispersions used for all of the mobility measurements (unless stated otherwise) were prepared by dispersing about 0.2 mg of mica powder in 20 ml of aqueous solution. This low concentration (~0.001% wt./vol.) was used to reduce the possibility of contamination from the mica powder itself. Mobilities were measured at 25~ using a rectangular quartz cell in a Rank Brothers MKII microelectrophoresis apparatus with Ag/AgC1 electrodes. Measurements were made after 2-4 hr and 24 hr. For the 24-hr measurements the dispersion was lightly shaken to increase the particle number density for measurement. About 20 particles were measured, which were not sedimenting during the time scale of the measurements, typically 5-10 rain. The particles were observed using dark-field illumination, and the voltage was reversed for each measurement to prevent polarization effects. Unless stated otherwise, the aqueous solution was equilibrated with the CO2 in the atmosphere and typically had a pH of ~5.7. The dispersions were prepared in Pyrex glass testtubes with a coverlet to protect from dust, but still allowing CO2 equilibrium. All salts used were of analytical grade, and the solutions were made up using water purified by treatment with activated charcoal and a mixed-bed ion-exchange resin. 
RESULTS A N D ANALYSIS

KCl solutions
Mobility measurements of mica particles in a range of KC1 solutions at pH = 5.7 are given in Figure 4 . The mobilities are listed both in terms of a dimensionless mobility E and of the corresponding apparent zetapotential (~') calculated using the Smoluchowski equation:
where
and u is the mobility of the particles, 77 is the viscosity, the dielectric constant, and q the electronic charge. For aqueous solutions at 25~ Eqs. (1) and (2) are simply: ~" (mV) = 12.8tz and E = 0.75/~, where # is in units of #m/sec per volt/cm. The potential calculated by Eq. (1) is valid for spherical particles when Ka -> 200 (where K -~ is the Debye length and a is the radius of the particle), that is, where the surface is essentially flat relative to the thickness of the diffuse double layer.
The potentials calculated from the mobility measurements are compared in Figure 4 with those obtained from both force measurements and streaming potentials. The mobility potentials were within 3 mV over a period of 2-4 and 24 hr after dispersion in all the solutions studied, indicating no significant timedependent effects. The zeta potentials calculated for
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Clays and Clay Minerals the mica particles are much lower than those obtained from the other methods and, in addition, show a marked plateau from 10 -3 M to "pure water." The results obtained here agree quite closely to those reported by Leiner (1973) . Although the mobility zeta potentials are consistently about one third of those determined by other methods, all three series of measurements seem to indicate charge neutralization at about the same concentration (~0.1-0.2 M). In addition to the close agreement between the force and streaming potential methods, these potentials are also well described by simple mass-action adsorption. Thus, the adsorption can be assumed to be given by the equations:
and Combination of these equations with the Gouy-Chapman theory for the diffuse-layer charge, the equation
gives an accurate description of the potential behavior (see Figure 4) . The fact that the simple ion-exchange model cannot explain the mobility results lends further support to the suggestion that the properties of the particles do not correspond to the properties of the mica basal plane. This result may be due to: (1) the effects of adsorption of contaminants created by grinding, such as A13+ and Fe 3+, (2) the possibility of positively charged aluminatype sites on the face and edges of the particles, (3) the non-spherical shape of the particles, and (4) the assumption that ca >-200 is not valid. To test the first two possibilities, mobility measurements were carried out on mica particles treated in several ways. First, 0.1 to 0.01 times more dilute dispersions were made up in 10 -4 M KCI in an attempt to vary the degree of contamination. In each dispersion the mobilities were constant (to about -<2 mV). Second, mica powder was dispersed in water, then centrifuged, the clear solution run off, and the process repeated ten times. The potential of the final dispersion was within 2 mV of the original sample.
Clearly, no easily desorbed contaminants were present to reduce the mobility of the particles; however, positive sites in the basal plane and at the edges of the particles could have been present due to exposed A1-OH groups. Inasmuch as alumnina has a p.z.c, at pH 9, the effect of these positively charged groups should have been removed at high pH. To test this possibility, mobility measurements were carried out in 10 -3 M KC1 at a pH of 9.1 (by addition of KOH). The zeta potential at this pH was increased in magnitude from -37 to -48 -+ 2 inV. Although the increase was not sufficient to bring the potentials in line with the results from the other methods, it suggests that a small fraction of alumina-like sites must have existed on the particles. As a further test of this possibility, mobilities were measured in 10 -3 M KC1 solutions containing 10-* M sodium dodecyl benzene sulphonate. Anionic surfactants do not adsorb on the basal planes of mica sheets (O'Connor and Saunders, 1956 ), but they may well adsorb on positively charged alumina sites. The zeta potential increased in magnitude from -37 to -47 mV, again indicative of a small but significant fraction of positive sites on the ground mica particles. These simple tests indicate that although there were most likely scattered positively charged sites on the particles (at pH ~5.7), these sites were not solely responsible for the low apparent potential obtained from mobility measurements.
Cr(NO ~) 3 solutions
The mobility measurements in Cr(NO3)3 solutions are shown in Figure 5 . Adsorption of Cr 3+ ions apparently caused charge-reversal at the low concentration of 2 x 10 -6 M, presumably because of the substantially increased trivalent cation concentration next to a negatively charged surface. Potentials obtained from direct force measurements (Pashley, 1984) in Cr(NO3)3 solutions are also given in Figure 5 for comparison. The two methods appear to agree much more closely than those conducted in KC1 solutions, and at 10 -5 and 10 -3 M they differed by only about 10 mV. The dashed line in Figure 5 corresponds to a massaction model similar to that already discussed. At higher concentrations (->10 -3 M) the observed potentials should fall well below the theoretical curve because of hydrolysis effects which reduce the pH and hence increase hydronium adsorption at the mica surface.
Cetyltrimethylammonium bromide (CTAB) solutions
Mobility measurements in CTAB solutions are given in Figure 6 . CTA § ions apparently adsorbed so as to neutralize the surface at a concentration of about 3 x 10 -5 M. Pashley and Israelachvili (1981) measured adsorption layer thickness for CTA § ions on mica and found that monolayer adsorption occurred at concentrations between 3 x 10 5 and 7 x 10-5 M and bilayer adsorption at about the critical micelle concentration (~ 10 -3 M). The steeply rising mobilities on the positive side of the graph correspond well with such stepped adsorption.
Using the force method for the interaction of CTAB bilayers adsorbed on mica sheets, a potential of +60 mV was measured in 4 • 10-3 CTAB solution, where the effect of the background electrolyte (~10 -3 M) should have been small (Pashley and Israelachvili, 1981) . This value agrees closely with the zeta potential calculated from the mobility measurements using the expected from experiments on the basal plane of mica, whereas negatively charged particles have much lower mobilities. At first sight these observations point to the presence of positive (alumina-like) sites on the particles; however, attempts to neutralize these sites caused only a small increase in the magnitude of the low negative potential. Also, the concentration at which charge neutralization occurred for each of the electrolytes studied in the mobility measurements is similar to that obtained by the other methods, which suggests that the chemistry involved in charging the particle was similar to that on the basal plane surface. These observations suggest that the deviations for negatively charged particles may have been due to an incorrect assumption that ra ---200. O'Brien and White (1979) published numerical solutions relating observed particle mobilities to zeta potentials over the full range of ra values (i.e., 0 -~ o~). For spherical particles in KC1 solution with a ra of about 2-5, a plateau was observed for potentials above 100 inV. At higher values of ra a maximum was always observed which had a significant effect even at ra ~ 100 for high potential surfaces. The results of this numerical analysis can be applied precisely only to spherical, mono-disperse colloids of known radius. In the present study the size and shape of the particles were roughly known; however, the appropriate mean value of the particle radius, (a), was not.
It is possible, of course, to estimate a value of (a) which would give zeta potentials in good agreement with the other methods, if such a value exists. To test this possibility, the mobility data in KC1 solutions must be re-examined, where SDBS adsorption has removed or reduced the effect of positively charged sites. For example, in 10 -2 M, l0 -3 M, and 10 -4 M KC1 with added SDBS the reduced mobilities (E) are 2.05, 2.75,
Pashley
Clays and Clay Minerals and 2.75, respectively. Using Figure 4 from O'Brien and White (1979) and an estimated (a) value of 0.12 #m, the corresponding zeta potentials would be about -40 mV at 10 -2 M, -65 mV at 10 -3 M, and -85 mV at 10 .4 M, which are in reasonable agreement with the values obtained by the other methods. It should be noted that the calculated curves of O'Brien and White are for a positively charged surface in KC1 solution, whereas a negative surface has been used in the present experiments. Because the mobilities ofK § and CI-ions are almost identical, their use should have introduced only negligible error. Also, the solutions used in these experiments had a background electrolyte of about 10 -5 M due to dissolved CO2 and ions from glassware and the ground particles themselves. Consequently, only concentrations of KC1 at or greater than about 10 .4 M should have influenced the zeta potential of the particles. Hence, it is not surprising that the potential remained constant on diluting below 10 .5 M KC1.
Because the effective (a) value should be roughly constant from solution to solution, it can be used to re-calculate the positively charged potentials where, in addition, no correction is needed for positively charged sites on the mica. Although the curves given by O'Brien and White (1979) refer only to KC1, because the counterion is most important one can at least estimate corrected positive zeta potentials in Cr(NO3)3 and CTAB solutions. Using the (a> value already derived, the potentials in Cr(NO3) 3 solutions increase between + 5 and + 10 mV, which brings them much closer to those obtained from the force measurements. Similarly, in CTAB solutions the positive potentials increase uniformly by about + 15 mV with the curve still showing the stepped feature. The corrected potentials are then well within the range of values reported for CTAB soap films and close to the values obtained from the force measurements between adsorbed bilayers on mica.
Although the corrected potentials calculated using this value of (a) are reasonable and consistent, the problem remains as to how one can independently justify its use. As mentioned above, the particles measured were non-settling and appeared from electron micrographs to be plate shaped with typical dimensions 0.5 x 0.05 ~tm. An effective diameter of ~0.25 #m is well within the size range of the asymmetric particles, but no adequate justification exists for its use other than that it leads to calculated zeta potentials that are in good agreement with those obtained from other independent methods. Indeed, for a perfectly flat, thin platelet the Smoluchowski equation should be valid and almost independent of the particle size. Hence, no theoretical justification exists for using an apparent spherical diameter related to the size of the particle; however, these comments apply only when the diffuse double-layer remains at equilibrium, perpendicular to the flat surface, which would not be the case if the rotation of the particle approached the relaxation time for the double-layer. Such a dynamic effect may introduce an effective diameter related to the size of the particle.
Perrin (as discussed by Berne and Pecora, 1976) derived an equation for the rotational diffusion time of macroscopic plate-like particles, which for dry-ground mica in water will be of the order of 1 ~sec. Assuming that the ions in the diffuse double-layer will follow a rotation of the particle under a diffusion gradient similar to that in the double-layer, relaxation times of the order of 1 tzsec are achieved. These crude estimates indicate that an effective spherical diameter could be introduced because of the asymmetry of the particles. If this suggestion is correct, it follows that the mobilities of clay particles cannot be simply related to the potential obtained from clay swelling studies.
CONCLUSIONS
Zeta potentials calculated from the electromobilities of dry-ground mica particles using the Smoluchowski equation are in reasonable agreement with potentials obtained by other methods only when the particles are positively charged. The much larger differences observed for negatively charged particles are, in part, due to the presence of positively charged sites. Once these sites have been neutralized, the remaining disagreement can be explained by assuming an effective particle diameter of about 0.25 #m. It is apparent from these results that under certain conditions zeta potentials calculated using the Smoluchowski equation may not be valid for plate-like particles, an observation which will be of particular relevance to the study of clay minerals.
